This open-label, multicenter extension study (NCT02451514) assessed persistence of Neisseria meningitidis serogroups ABCWY antibodies 4 years after primary vaccination. Adolescents and young adults who previously received 2 doses of MenABCWYCOMV (Group III), 1 dose of MenACWY-CRM (Group VI), or newly-recruited vaccine-na€ ıve participants (Group VII) were administered 1 (Group III) or 2 doses (Groups VI and VII) of MenABCWYCOMV, 1 month apart. Immunogenicity was assessed by human serum bactericidal assay (hSBA). Safety and reactogenicity were also evaluated. Percentages of participants with hSBA titers 8 (serogroups ACWY), 5 (serogroup B) and hSBA geometric mean titers (GMTs) were evaluated in all 129 enrolled participants (Group III: 33; Group VI: 46; Group VII: 50). Anti-ACWY antibody concentrations waned over 4 years post-vaccination, but remained above pre-vaccination concentrations. Similarly, levels of antibodies against serogroup B test strains also waned over 4 years post-vaccination, but remained above pre-vaccination concentrations for some strains. MenABCWYCOMV booster induced a robust anamnestic anti-ACWY response in Group III and VI and a good response against serogroup B test strains (82%) in Group III. In serogroup B-na€ ıve participants (Groups VI and VII), anti-B responses to 2 doses of MenABCWYCOMV were less homogenous and lower than in Group III. MenABCWYCOMV was reactogenic, but well-tolerated. No safety concerns were identified. These findings indicate that although antibodies against N. meningitidis serogroups ABCWY waned over 4 years post-vaccination, exposure to a MenABCWYCOMV booster dose elicits an anamnestic response in adolescents previously exposed to the same or another multivalent meningococcal vaccine.
Introduction
Invasive meningococcal disease (IMD) caused by Neisseria meningitidis is the leading cause of bacterial meningitis and sepsis in the US and Europe. 1, 2 Due to the fulminant nature of the disease, IMD has high morbidity and mortality rates in children and adolescents, even when patients receive early antibiotic treatment. 1 IMD survivors have an 11%-19% risk of suffering physical, cognitive or neurological sequelae. 3 IMD incidence is highest in infants, but a second smaller peak occurs in adolescents and young adults due to behavioral and lifestyle-associated risk factors. 4, 5 IMD incidence varies globally. This variation is largely driven by the distribution of N. meningitidis serogroups A, B, C, W, X and Y, which are responsible for most of the meningococcal disease cases worldwide. 1, 6 In Latin America, for example, serogroups B and C are responsible for the majority of IMD cases. Additionally, an emergence of serogroups W and Y was recently reported in Argentina, Brazil, Chile, Paraguay, Uruguay, Colombia and Venezuela. [7] [8] [9] [10] Although IMD incidence is difficult to assess in Latin America due to poor surveillance systems in some regions, current estimates of disease incidence are <0.1 to 2 cases per 100,000. 11 To reduce the burden of IMD, monovalent and multivalent vaccines against serogroups A, C, W, and Y have been included in vaccination programs since 1999. 12, 13 In Latin America, meningococcal vaccines are included in national immunization programs only in Argentina, Cuba, Brazil and Chile. 5, [14] [15] [16] Meningococcal quadrivalent MenACWY vaccines, such as MenACWY-CRM (Menveo, GSK) are approved in Argentina, Brazil, Chile and Colombia for adolescent vaccination. [15] [16] [17] [18] Multi-component recombinant meningococcal vaccines have been developed to target serogroup B. 4CMenB (Bexsero, GSK) is currently approved in more than 35 countries worldwide, including Chile, Brazil and Uruguay. 19 4CMenB combines 3 recombinant proteins (factor H binding protein [fHbp] , Neisseria adhesin A [NadA] and Neisserial heparin binding antigen [NHBA] ) with outer membrane vesicles (OMV) from the New Zealand outbreak strain NZ98/254 (porin A, [PorA] ). 20, 21 In phase 2 and phase 3 clinical studies, 4CMenB was well tolerated and elicited strong bactericidal responses, [22] [23] [24] also when co-administered with routine childhood vaccines 25 or with quadrivalent meningococcal ACWY conjugate vaccine to laboratory workers. 26, 27 Development of a combined vaccine against N. meningitidis serogroups A, C, W, Y and B would simplify the vaccination schedule for the 5 serogroups and possibly increase compliance. A phase 2 randomized controlled study conducted in Panama, Colombia, and Chile evaluated safety and immunogenicity of 4 different MenABCWY vaccine candidates in healthy adolescents. 28 The candidate vaccine that was selected for further investigation is composed of MenACWY conjugated to a carrier protein cross reactive material 197 (CRM 197 ) combined with recombinant proteins from serogroup B and outer membrane vesicle from New Zealand strain NZ98/254 (MenABCWYCOMV). In the primary study, 28 2 doses of the investigational MenABCWY-COMV vaccine given 2 months apart induced substantial immune responses against all serogroups and the candidate vaccine was well-tolerated. 28 In a first follow-up extension study, 29 the immune responses against serogroups A, C, W and Y persisted for up to 12 months. However, levels of antibodies against serogroup B test strains waned by 6 months after vaccination and then stabilized up to 12 months. 29 A sub-population receiving a booster third dose of MenABCWYCOMV 6 months after vaccination showed increased immune responses against all serogroups evaluated at 6 months after the booster dose. 29 Studies conducted in adolescents and adults show that the immune response to a single dose of MenACWY-CRM persists up to 5 years after vaccination and that a booster dose of Men-ACWY-CRM 3-5 years after primary vaccination elicits a strong immune response in nearly all vaccinees. [30] [31] [32] Similarly, the immune response to the 4CMenB vaccine also persists to a varying degree across strains, for up to 4 years and a booster dose elicits an immune response when administered 4 years post-primary vaccination. 33 Currently, no data are available on long-term antibody persistence and booster response for the MenABCWYCOMV vaccine. These data would be valuable for assessing the duration of the immune response, the need for a booster and vaccine suitability in outbreak management.
In this second extension study, we assessed 4-year persistence after 2 doses of MenABCWYCOMV and the response to a booster dose against N. meningitidis serogroups A, B, C, W and Y. We also evaluated the antibody response after 2 doses of MenABCWYCOMV in adolescents and young adults previously vaccinated with a single dose of the Men-ACWY-CRM vaccine and in vaccine-na€ ıve participants of matching age.
A summary contextualizing the results and potential clinical research relevance and impact is displayed in the Focus on the Patient Section (Fig. 1) . 
Results

Demographics
Out of the 485 eligible participants who completed the primary study, 28 79 participants were enrolled in this second extension, with 33 participants who previously received 2 doses of MenABC-WYCOMV (Group III), and 46 participants who received 1 dose of MenACWY-CRM (Group VI). This extension also included 50 newly-recruited non-vaccinated participants (Group VII). All 129 participants completed the extension study (Fig. 2) . Demographic Figure 2 . Flow of participants Footnote: Primary study: participants received 1 or 2 doses of vaccine; Extension study 1: Follow-on participants for 10 months persistence, 3 rd dose administration (with control vaccination); Extension study 2: Follow-on participants for 4 years persistence, 3rd dose administration (with control vaccination). Group III; participants received 2 doses of MenABCWYCOMV (presented in this figure, for primary and extension 1 studies, as MenACWY-CRM C rMenBCOMV) in the primary study and 1 dose of MenABCWYCOMV in the extension study presented here (4 years post-primary study). Group VI; participants received 1 dose of MenACWY-CRM in the primary study and 2 doses, 1 month apart, of MenABCWYCOMV in the extension study presented here (4 years post-primary study). Group VII; participants were newly recruited and na€ ıve to vaccination against A, B, C, W and Y serogroups of N. meningitidis. They were vaccinated with 2 doses, 1 month apart, of MenABCWY-COMV in the extension study presented here.
and other baseline characteristics were similar in all groups (Table 1) .
Immunogenicity
Antibody persistence
Across serogroups, antibody level decreased at 4 years after primary vaccination but still remained higher than the baseline of primary study. The percentages of participants with human serum bactericidal assay (hSBA) titers 8 against serogroups A, C, W and Y, 4 years post-primary vaccination, were higher in groups primed with MenACWY-containing vaccines (Group III and Group VI) compared to the vaccine-na€ ıve participants in Group VII (Fig. 3a) . Compared to participants primed with 2 doses of MenABCWY-COMV (Group III), more participants primed with 1 dose of MenACWY-CRM (Group VI) showed hSBA titers 8 for serogroups A (41% vs 27%) and Y (59% vs 38%), whereas more participants in Group III had a titer 8 for serogroup C compared to participants in Group VI (69% vs 43%). Response rates were similar between groups for serogroup W (75% and 78%; Fig. 3a ). hSBA geometric mean titers (GMTs) were also higher in ACWY-primed participants in Groups III and VI, compared to the vaccine-na€ ıve participants in Group VII, with the exception of serogroup C GMTs in Group VI (Fig. 3c ). Compared to participants in Group VI, participants in Group III showed numerically higher hSBA GMTs for serogroup C (geometric mean ratio [GMR]: 2.58) and lower hSBA GMTs for serogroups A (GMR: 0.61) and Y (GMR: 0.52). GMTs for serogroup W were similar (GMR: 1.14; Fig. 3c ).
Geometric mean concentrations of antibodies against A, C, W and Y serogroups, measured by enzyme-linked immunosorbent assay (ELISA), in Groups III and VI, markedly increased after primary vaccination and declined over the course of 4 years, with antibody concentration remaining higher than the baseline concentrations measured before vaccination in the primary study (Table S1) .
Antibody titers against serogroup B test strains waned by 4 years after primary vaccination. The percentages of participants with hSBA titers 5 were low (48%) in all groups, except for the NHBA test strain (48%) and 2 NadA test strains (5/99 [70%] and 96217 [61%]) in primed participants (Group III). Although 95% confidence intervals (CIs) overlap, percentages of participants with hSBA titers 5 were consistently higher in Group III compared to non-primed participants in Groups VI and VII for all serogroup B strains (Fig. 3b) .
hSBA GMTs 4-years after primary vaccination were low for all serogroup B test strains in both Group III and Group VI, with the exception of the NadA test strain 5/99 (Fig. 3d) .
MenABCWYCOMV post-booster/dose 1 response All participants primed with MenACWY antigens (Groups III and VI) achieved hSBA titers 8 against serogroups A, C, W and Y at 1 month after vaccination with 1 dose of MenABC-WYCOMV. At 1 month post-dose 1 with MenABCWY-COMV, most vaccine-na€ ıve (76%-96%) participants in Group VII achieved hSBA titers 8 (Fig. 4a) .
At 1 month post-booster/dose 1, hSBA GMTs against serogroups A, C, W and Y increased compared to pre-vaccination GMTs. The relative increase was highest for primed participants in Groups III (GMR range: 67-162) and VI (GMR range: 22-238) compared to vaccine-na€ ıve participants in Group VII (GMR range: 12-46). GMTs were also higher in participants in Groups III and VI, compared to Group VII (Fig. 4c) .
After a booster dose of MenABCWYCOMV, hSBA GMTs in participants in Group III, who received 2 doses of MenABC-WYCOMV, were higher for serogroups A and C, and lower for serogroups W and Y, compared to participants in Group VI who received 1 dose of MenACWY-CRM (Fig. 4c) .
One month post-booster/dose 1, the percentage of participants with hSBA titers 5 against serogroup B test strains increased in all groups compared to pre-vaccination percentages, with a higher increase in participants primed against serogroup B (Group III; Fig. 4b (Fig. 4d) . The increase of hSBA GMTs was more modest in participants not primed with serogroup B test strains (Groups VI and VII), with the highest GMT increases against NadA test strains 5/99 (GMR: 11 and 13 for Group VI and Group VII, respectively) and 96217 (GMR: 6 and 5 for Group VI and Group VII, respectively) (Fig. 4d) . For all serogroup B test strains, hSBA GMT values at 1 month postbooster/dose 1 were higher in the participants in Group III, who had received the MenABCWYCOMV vaccine during the Footnote: FAS, full analysis set; N, number of participants; SD, standard deviation; n (%), number (percentage) of participants in a certain category; BMI, body mass index.
primary study, compared to participants in Groups VI and VII, who were na€ ıve for serogroup B vaccination.
Immunogenicity kinetics after 1 and 2 doses of MenABCWYCOMV
Kinetics of the immune response against serogroups A, C, W and Y and against serogroup B test strains after 1 (Group III and Group VI) and 2 (Group VII) doses of MenABCWY-COMV were determined (Tables 2 and 3 ). In primed Groups III and VI, all participants achieved hSBA titers 8 against serogroups A, C, W and Y by 7 days after booster/dose 1, with the exception of the participants in Group VI against serogroup A, who achieved it 30 days after dose 1 ( Table 2 ). In Group VII, for serogroups C and W, all participants achieved hSBA titers 8 at day 3 post-dose 2, and almost all participants achieved hSBA 8 against serogroups A and Y by the end of the study (Table 2) . Two participants in Group VII who, by day 7 post-dose 2, had achieved hSBA titers 8 against serogroup A, and 1 who had achieved an hSBA titer 8 against serogroup Y no longer had hSBA titers 8 by day 30 post-dose 2 ( Table 2) .
For the primed Groups III and VI, hSBA GMTs against A, C, W and Y serogroups substantially increased at day 7 after booster/dose 1 with GMRs between 61 and 164 for Group III and 17 and 491 for Group VI. Thirty days post-booster/dose 1, GMTs increased compared to day 7, with the exception of serogroup A GMTs in Group III and serogroup C GMTs in Group III and VI, which moderately decreased (Table 2) . For the non-primed Group VII, at day 30 post-dose 2, antibody GMTs against serogroup C moderately decreased compared to day 7, whereas GMTs for serogroups A, W and Y continued to increase ( Table 2) .
The immune response against serogroup B test strains did not follow a uniform pattern. By day 7 post-booster, between 67% and 100% of serogroup B-primed participants in Group III had achieved hSBA titers 5 against serogroup B test strains, and by day 30 post-booster this had increased to at least 82% (Table 3 ). In the non-primed participants in Groups VI and VII, the immune response after the first dose of FAS, full analysis set; hSBA, human serum bactericidal assay, GMT, geometric mean titer; CI, confidence interval. Group III; participants received 2 doses of MenABCWYCOMV in the primary study and 1 dose of MenABCWYCOMV in the extension study presented here (4 years post-primary study). Group VI; participants received 1 dose of MenACWY-CRM in the primary study and 2 doses, 1 month apart, of MenABCWY-COMV in the extension study presented here (4 years post-primary study). Group VII; participants were newly recruited and na€ ıve to vaccination against A, B, C, W and Y serogroups of N. meningitidis. They were vaccinated with 2 doses, 1 month apart, of MenABCWYCOMV in the extension study presented here. The group description in the legend includes all doses administered in the primary and extension studies.
MenABCWYCOMV varied widely, with few participants showing hSBA titers 5 7 days post-dose 1 (range 9%-36%) in Group VI. By day 30 post-dose 1, the percentages of participants with hSBA titer 5 ranged from 22% to 78% (Group VI) and from 24% to 85% (Group VII; Table 3 ). The percentages of participants with hSBA titers 5 continued to increase after the second dose, but by day 30 post-dose 2 all participants had hSBA titer 5 only for NadA test strain 5/99. Percentages against other strains were ranging from 39% to 78% (Group VI) and 50% to 96% (Group VII; Table 3 ).
After the booster vaccination in Group III, clear increases in serogroup B test strain GMTs were visible by day 7 post-vaccination, and antibody GMTs continued to increase to post-primary vaccination titers or higher after that (Table 3 ). In non-primed Groups VI and VII, antibody GMTs against all test strains were low after the first vaccination (2.83-25). In Group VII, GMTs started to increase after day 3 post-dose 2 (5.06-40), resulting in higher titers (7.5-256) by day 30 post-dose 2 for all strains compared to Group VI (2.7-110) at the same time point (Table 3) .
Over-time response against serogroup B test strains An over-time assessment of the vaccine responses from the primary and first extension study of participants who received 2 doses of MenABCWYCOMV (Group III) showed that percentages of participants achieving hSBA titers 5 post-booster were comparable with or higher than post-primary vaccination against all serogroup B strains. Although hSBA GMTs waned after primary vaccination, pre-booster GMTs were higher compared with baseline values and highly increased again after booster administration (data not shown). FAS, full analysis set; hSBA, human serum bactericidal assay; GMT, geometric mean titer; CI, confidence interval. Group III; participants received 2 doses of MenABCWYCOMV in the primary study and 1 dose of MenABC-WYCOMV in the extension study presented here (4 years post-primary study). Group VI; participants received 1 dose of MenACWY-CRM in the primary study and 2 doses, 1 month apart, of MenABCWYCOMV in the extension study presented here (4 years post-primary study). Group VII; participants were newly recruited and na€ ıve to vaccination against A, B, C, W and Y serogroups of N. meningitidis. They were vaccinated with 2 doses, 1 month apart, of MenABCWYCOMV in the extension study presented here. The figure presents results of pre-and post-booster/first dose. The group description in the legend includes all doses administered in the primary and extension studies. 
Safety and reactogenicity
Out of the 129 participants vaccinated with MenABCWY-COMV in Groups III, VI, and VII, 122 (95%) reported at least 1 solicited adverse event (AE) after booster/dose 1. Out of the 96 participants in Groups VI and VII who received a second vaccination, 80 (84%) reported a solicited AE. Frequency of both injection site and systemic reactions appeared to be reduced after the second vaccination. There were no apparent differences in solicited AEs between groups ( Table 4) . The most commonly reported injection site reaction was pain and the most commonly reported systemic reactions were myalgia and headache (Table 4) .
Across vaccine groups, 52 participants (40%) reported at least 1 unsolicited AE (Table 4 ). No differences were apparent between groups. Injection site induration continuing after 7 days of the vaccination was the most frequently reported unsolicited AE (Group III: 6%; Group VI: 15%; Group VII: 14%).
Unsolicited AEs that study investigators considered to be potentially related to the study vaccine were reported by 22 (17%) participants; injection site induration was the most frequently reported (16 [12%] participants) . AEs requiring medical attention were reported for 13 participants (10%). One participant in Group VI was withdrawn from the study due to presyncope at day 16 post-dose 1. Most unsolicited AEs were mild to moderate in intensity, and were resolved before the end of the study.
No death or serious AEs (SAEs) were reported during this study.
Discussion
In this open-label extension study, we report for the first time that antibodies against A, C, W and Y serogroups persist above pre-vaccination levels for up to 4 years after 2 doses of the MenABCWYCOMV vaccine administered to healthy adolescents. Antibody concentrations against serogroup B test strains waned over time, but administration of a booster dose resulted in substantial increases in antibody concentrations against all test strains. In addition, our study results indicate that a MenABCWYCOMV booster administered more than 4 years after primary vaccination boosts the immune response to serogroups A, C, W and Y both in adolescents and young adults who previously received the pentavalent MenABCWYCOMV vaccine and in adolescents and young adults who received quadrivalent MenACWY-CRM. Antibody persistence against serogroups A, C, W and Y was observed for up to 4 years post-vaccination with 2 doses of MenABCWYCOMV or 1 dose of MenACWY-CRM with levels comparable between both groups. The antibody persistence observed in MenACWY-CRM primed participants (Group VI) compared with those observed in other studies in adolescents at 3 and 5 years after 1 dose of MenACWY-CRM shows similar percentages of participants with hSBA titres 8 against serogroups A, C and W, and lower percentages against serogroup Y.
31,32 However any comparison should be made with caution as different assays were used for sample testing and these studies were conducted in different countries with different prevalence of meningococcal strains.
A decrease in antibody concentrations against serogroup B test strains was observed 4 years post vaccination with 2 doses of MenABCWYCOMV. This extends findings from the first extension study 29 that shows antibody persistence for up to 12 months against serogroups A, C, W and Y and the serogroup B 5/99 test strain after 2 doses of the vaccine. 29 At one month, 10 months or 4 years post-vaccination, the immune responses against serogroup B strains were not uniform, with more participants retaining antibodies against strains H44/76 (fHbp) and 5/99 (NadA) than against NZ98/254 (PorA). These antibody persistence results against serogroups B strains after 2-dose MenABCWYCOMV administration appear to be in line with the 4-year persistence data after 2-dose 4CMenB administration. 33 However, any comparisons should be made with caution as the assays used in the two studies were different. The immune response observed in vaccine-na€ ıve participants (Group VII) against serogroups A, C, W, Y and B in this extension study are similar to the responses observed in MenABCWYCOMV recipients in the primary study. 28 A single booster dose in participants who previously received 2 doses of the MenABCWYCOMV vaccine induced an anamnestic immune response, with antibody titers severalfold higher than post-primary responses for most serogroups and strains. Indeed, antibody titers above putative protective cut off values were seen as early as 7 days after the booster, indicating induction of immune memory by the priming schedule, which may be important to control disease outbreaks. While most adolescents previously exposed to the serogroup B antigens achieved a full antibody response against serogroup B test strains, the response against these strains varied widely in participants who were na€ ıve to serogroup B vaccines. Although previous meningococcal vaccination resulted in retention of specific bactericidal antibodies for up to 4 years in some of the adolescents, antibody titers waned below putative protective levels, as early as 10 months after priming 29 with further declines by 4 years. A booster dose rapidly re-established protective antibody levels in most adolescents, with clear evidence of an anamnestic response. Therefore, immune memory alone may not offer adequate protection, and a booster dose may prove essential to ensure continued protection of previously vaccinated adolescents against meningococcal disease.
However, since persistence of bactericidal antibodies varies by serogroup B strain, the need and timing of a booster dose may also theoretically vary by strain, and be influenced by prevailing epidemiology, which may warrant further investigation.
Our evaluation of vaccine safety indicates a reactogenicity profile similar to that previously reported. 28, 29 The frequency and severity of solicited reactions observed after vaccination with MenABCWYCOMV were similar to reactions observed after 4CMenB vaccination, 27,32 but higher than those seen after vaccination with MenACWY-CRM, as expected. 34 This study had a few limitations. Enrollment in the study was limited to the eligible participants who received vaccination in two of the groups in the primary trial (Group III and Group VI) and were not vaccinated in the first extension. 28, 29 Since the enrollment was based on the former participants' willingness, in this second extension we could not ensure equal distribution of participants across groups and blood draw subsets. As a result, study objectives were descriptive in nature and meaningful comparisons could not be made across groups. Furthermore, the assay format used to test samples was different from that historically used for both the MenACWY and the MenB vaccine trials, limiting comparability with previous data. Another limitation that should be considered is that an alternative dosing schedule for MenABCWYCOMV (2 doses, 1 month apart) has been used in this trial, while the schedule in this age group, as determined from phase 1 and early phase 2 trials, 28, 29 is 2 doses, 2 months apart. Finally, the results of this trial may not be applicable for other serogroup B-containing vaccines, ACWY conjugate vaccines, or other investigational pentavalent vaccines, and observations cannot be extrapolated to other meningococcal vaccines.
In conclusion, we have observed that an investigational pentavalent meningococcal vaccine induced long-term persistence of antibodies against all 5 serogroups, although to varying degrees, when administered to adolescents as a 2-dose schedule. Furthermore, a booster dose administered at 4 years post-primary vaccination, was able to induce a rapid and anamnestic response, both in participants primed with the same vaccine and those previously exposed to a different (quadrivalent) meningococcal vaccine. These promising findings suggest that a combination meningococcal vaccine, offering broad protection against the most prevalent disease-causing serogroups, may be suitable both in the context of simplification of vaccination schedules and, potentially, in outbreak management.
Methods
Study participants, design, and objectives
This was a phase II, open-label, controlled, multicenter extension study (NCT02451514) conducted between June 2015 and December 2015 in 9 centers in Chile, Colombia and Panama.
This extension study followed 2 groups (Group III and VI) from the primary study conducted between December 2010 and July 2011 (NCT01210885) 28 and the first extension conducted between July 2011 and July 2012 (NCT01367158). 29 This study was conducted in accordance with Good Clinical Practice and the Declaration of Helsinki. The protocol and informed consent forms were reviewed and approved by an Independent Ethics Committee or Institutional Review Board before the study start. This study is registered at www.clinical trials.gov NCT02451514. A summary of the protocol is available at http://www.gsk-clinicalstudyregister.com (study ID 205213). Written informed consent/assent was given by participant(s) or their parent(s)/legal guardian(s) if the participant(s) were under 18 years.
Participants
Participants were adolescents and young adults between 15 and 23 years of age and, who received either 2 doses of MenABC-WYCOMV (Group III) or a single dose of MenACWY-CRM (Group VI) in the primary study conducted approximately 48 to 56 months before this study. 28 During a first extension study conducted 12 months after the primary, study participants received a tetanus-diphtheriapertussis vaccination. 29 In addition to participants previously exposed to meningococcal vaccines, we also included a newlyrecruited group of participants na€ ıve to all meningococcal vaccines (Group VII).
A complete list of inclusion and exclusion criteria is provided in Supplementary Material 1.
Design Study design is presented in Fig. 2 .
At 48 to 56 months following the primary study, participants vaccinated with 2 doses of MenABCWYCOMV in the primary study received a booster dose of the MenABCWY-COMV vaccine (Group III). Participants who in the primary study received 1 dose of MenACWY-CRM and 1 dose of placebo (Group VI), and the newly-recruited meningococcal-vaccine-na€ ıve participants (Group VII) received 2 doses of the MenABCWYCOMV vaccine 30 days apart.
In participants in Group III, blood was collected prior to vaccination and at days 3, 7, and 30 after vaccination. Groups VI and VII were split 1:1 and blood was collected prior to vaccination and at days 3 and 30 (subgroups a) or days 7 and 30 (subgroups b) after each vaccination (Fig. 2) .
Study objectives
The study evaluated the immune response and safety after 1 or 2 doses of the MenABCWYCOMV vaccine. The primary objectives were the assessment of 4-year antibody persistence against N. meningitidis serogroups A, C, W and Y and serogroup B test strains in meningococcal-vaccine primed groups (Groups III and VI) and evaluated the immune response 30 days after a single dose of the MenABCWYCOMV vaccine in all groups.
The secondary objectives were the assessment of the immune response at days 3, 7 and 30 after vaccination with the MenABCWYCOMV vaccine in participants primed with 2 doses of MenABCWYCOMV (Group III); and the immune response at days 3, 7 and 30 after each vaccination with the MenABCWYCOMV vaccine in participants who received 1 dose of MenABCWYCOMV vaccine and one dose of placebo (Group VI) and vaccine-na€ ıve participants (Group VII). Safety and reactogenicity of the MenABCWYCOMV vaccine was also assessed in all participants.
Vaccine
Participants received 1 or 2 doses of the MenABCWYCOMV investigational vaccine, lot number JA145001.
MenABCWYCOMV vaccine was reconstituted of lyophilized powder containing the capsular oligosaccharide of serogroups ACWY conjugated to a carrier protein CRM 197 combined with recombinant 4CMenBCOMV that contains recombinant proteins of N meningitidis (936-741, 287-953 and 961c) serogroup B and OMV from serogroup B strain NZ98/ 254 adsorbed onto aluminum hydroxide. 28 The vaccine was administered as a 0.5 mL dose injected intramuscularly.
Immunogenicity assessment
Antibody titers were measured using hSBA. 35 Immunogenicity for N. meningitidis serogroups A, C, W, Y and serogroup B test strains (H44/76, 5/99, M14459, M10713, M01-0240364, NZ98/254 and 96217) was measured by high throughput serum bactericidal assay using human complement. 35 Post-vaccination, an hSBA titer 4 is accepted as the serologic correlate of protection against serogroup C 36, 37 and, by extrapolation, for other meningococcal serogroups. However, more conservative cut-offs, of 8 for serogroups A, C, W and Y and 5 for serogroup B, were used in this study. The immunogenicity endpoints related to percentages of participants with hSBA titers lower limit of quantitation (LLOQ) were not independently assessed for this study. The HT-hSBA assay format used for sample testing is associated with LLOQ values of 8 for the ACWY serogroups and 5 for serogroup B strains, and these endpoints have been assessed and reported.
A detailed description of immunogenicity assessment is presented in Supplementary Material 2.
Safety assessment
Solicited local (pain, erythema and induration) and systemic (fatigue, headache, myalgia, arthralgia, loss of appetite, nausea, chills, fever [oral temperature 38 C]) AEs occurring within 7 days (day 1-7) after vaccination and unsolicited AEs occurring within 30 days (day 1-30) after vaccination were recorded by participant or participant's parent/legal guardian using diary cards.
Medically-attended AEs, AEs leading to withdrawal and SAEs were collected during the entire study period. These data were captured interviewing the participants and/or participants' parents/guardian during the site visits and by review of available medical records.
The relationship of the study treatment to an AE and its severity was determined by the investigator.
Statistical analysis
Determination of the sample size is presented in Supplementary Material 3.
All participants who were exposed to the study vaccine were included in the safety analysis.
Four-year persistence of N. meningitidis serogroups A, C, W and Y and serogroup B test strains in meningococcal-vaccine primed groups (Groups III and VI) was evaluated in the full analysis set (FAS) for Persistence, consisting of all participants with at least one evaluable serum sample at baseline for which an hSBA result was available for at least 1 strain. For these participants, we evaluated persistence in terms of hSBA thresholds (percentage of participants presenting with hSBA8 [against serogroups ACWY] and 5 [against serogroup B test strains] and 95% Clopper-Pearson CIs) and antibody GMTs and associated 95% CIs.
The primary and secondary objectives for the assessment of immune response were evaluated in the FAS for Immunogenicity, consisting of all participants who received one study vaccine and provided at least one evaluable serum sample postvaccination for which an hSBA result was available for at least 1 strain. We evaluated these endpoints in all study groups in terms of hSBA thresholds and antibody GMTs. No inferential statistics were done, and all results are descriptive in nature.
GMTs were provided along with the associated 95% CIs, they were computed by exponentiating (base 10) the unadjusted means and the lower and upper limits of the 95% CIs of the log transformed titers (base 10), for each study group and N. meningitidis serogroups A, C, W, and Y and serogroup B test strains. In addition, we calculated GMRs over baseline at day 61 after the first dose of MenABCWYCOMV for groups VI and VII.
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